The inductively coupled plasma cathode (ICP/C) has been developed as electron source for ion thrusters to liberate the thrusters from the limitations of hollow cathode, such as the lifetime limit. Therefore, in order to improve the power consumption efficiency of the ICP/C, its ignition and electron emission characteristics were investigated experimentally as functions of orifice dimensions and ion collector shape in this study. It is obtained that the factors affecting its plasma ignition are not only the applied RF voltage and the vessel inner pressure but also the conditions in the vessel. Its ignition capability is enhanced with increasing the orifice length and decreasing the orifice diameter because the inner pressure increases at constant xenon mass flow rate. On the other hand, there exists an optimum diameter of orifice for electron emission performance of the ICP/C. Additionally the pole collector is preferable to the cylindrical collector for electron emission. When the pole collector was inserted in the cathode, the typical performance was 0.48 A of the anode current at 24 W of RF power, 0.10 mg/s of xenon mass flow rate and 40 V of anode voltage.
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Introduction
Recently the applications of electric propulsion have been increasing in some space missions such as station keeping and solar system exploration 1) . An ion thruster has the highest specific impulse and thrust efficiency among electric propulsion systems in practical use. Therefore, it can expand the area of exploration and human activity in space. However, in order to generate orderly delta-V by an ion thruster, long continuous operation of several years is required due to its low thrust.
The critical issues of ion thruster lifetime are possible failures of acceleration electrodes and electron sources 2) . Ion thruster needs electron sources as a discharge cathode for ionization of propellant and a neutralizer for neutralization of ion beam. A hollow cathode is common electron source for ion thruster, because it achieves large electron emission current with low consumption of gas and electric power. However, its lifetime is limited by degradation and depletion of a thermionic emitter made from low work function materials 3, 4) . Additionally the emitter has to avoid contacting with active gas such as oxygen, and the cathode requires preheating by heater wire before ignition. As a result, ion thrusters with hollow cathodes have some difficulties for long-term operation, and they should be controlled strictly from prelaunch to end of life.
To replace the hollow cathode as the electron source, new cathodes, which employ RF discharge or microwave discharge for electron production, have been developed
. The microwave discharge ion thruster "μ10", which was installed in Hayabusa asteroid explorer, is attractive thruster that is hollow-cathode-less design. Its accumulated operational time reached 35,000 hours and the thruster demonstrated that the removal of the hollow cathode benefits the lifetime of ion thruster 9) . However, due to employment of electron cyclotron resonance plasma (ECRP), the electron number density is limited by cutoff frequency and the plasma of ion source is not uniform. Additionally, a microwave generator is low power conversion efficiency that is below 50%. Consequently, thrust performance of microwave discharge ion thrusters is lower than that of other discharge type ion thrusters.
Thus, in order to liberate ion thrusters from the limitations of hollow cathode without thrust performance degradation, we have proposed employing inductively coupled plasma (ICP) as electron sources for ion thrusters. Since ICP dose not depend upon high voltage to drive displacement current through the powered RF sheath, the plasma achieves sufficiently high electron number density without the thermionic emitter and external magnetic field 10) . Moreover, the limitation of electron density, which is attributed to cutoff frequency like ECRP, is not significant to ICP. In previous study, it was demonstrated that the ICP cathode (ICP/C) operated as electron sources of ion thrusters 11) . However, its power consumption efficiency is not sufficient for actual applications in space. Therefore, for improvement of the cathode performance, its ignition and electron emission characteristics are investigated as functions of orifice dimensions and ion collector shape in this study. Figure 1 shows schematic diagram of the ICP/C. It consists of discharge vessel, induction coil, ion collector and housings. The vessel is made of alumina and its inner diameter and length are 40 mm and 25 mm, respectively. The copper wire is wrapped around the vessel five times. There is an orifice at the center of the end of vessel for electron emission. When electrons are emitted from the orifice, ions that are equal to them must be collected at the ion collector to maintain quasineutrality at ICP. Thus, the molybdenum collector, which is inserted into the vessel, is necessary for ICP/C during steady operation. Compared with other RF discharge cathodes 7), 8) , the features of the ICP/C are instantaneous self-ignition and simple structure. The ICP/C does not require an ignition device, a keeper electrode and an external magnetic field.
Experimental Apparatus and Procedures

Inductively coupled plasma cathode (ICP/C)
In this study, the orifice length, the orifice diameter and the ion collector shape were varied to investigate their effects on ignition and electron emission characteristics at ICP/C. The effects of three collector configurations including no collector were investigated at constant orifice dimension whose diameter and length were 2.0 mm and 0.5 mm, respectively. The collector configurations are shown in Table 1 , and the employed collector shapes are shown in Fig. 2 . The cylindrical collector was inserted into the vessel along its wall to fill the roles of ion collection and Faraday shield. It has an axial slit, . On the other hand, the concept of the pole collector is expansion of ion collection area. Five orifice configurations were employed to investigate the effect of orifice dimensions, when the collector was cylindrical type. The configurations of the orifice dimensions are shown in Table 2 . The diameter was changed to 1.0, 2.0 and 3.0 mm at 0.5 mm of length, while the length was changed to 0.5, 1.0 and 2.0 mm at 2.0 mm of the diameter. In this paper, five configurations are described as shown in Table 2 ; "D2-L0.5" in Table 2 means the orifice configuration whose diameter and length are 2.0 mm and 0.5 mm, respectively. Figure 3 shows the experimental setup. All experiments were conducted in the vacuum chamber whose diameter and length were 1.6 m and 3.2 m, respectively. The pressure in the chamber reached approximately 2×10 -3 Pa by a cryogenic pump, when Xe mass flow rate was 0.6 mg/s. The ICP/C, the anode electrode and the double Langmuir probe were set in the chamber, whereas RF transmission system, gas feed system and DC power supplies were attached from the outside of the chamber. The coil was energized at 13.56 MHz with the RF generator via the resonant matching circuit, the current transformer and the high voltage probe. The matching circuit consists of a series variable capacitor and a parallel variable capacitor. Since the impedance of the generator was matched that of the ICP/C by the circuit, there was not reflected RF power at all experiments. Xenon neutral gas was fed to the vessel as operation gas via the thermal sensing mass flow controller. The double probe, which was made of tungsten wires, was inserted into the cathode to measure its electron number density and electron temperature 13) . The anode electrode was located at 50 mm downstream of the cathode, and it was biased positively by DC power supply to extract electrons from the cathode. On the other hand, the collector was connected to ground potential. The potential difference between the grounded collector and the biased anode simulates the difference between the neutralizer common and the ion beam at steady operation of ion thrusters 14) . When the electrons is emitted from the ICP/C by the difference, the electron current is carried to the anode and the ion current is carried to the collector. These currents were called anode current and collector current, respectively. To close the current loop, the anode current is equal to the collector current (I a =I c ). The amount of anode current at constant RF power and Xe mass flow rate indicates the electron emission performance of the cathode.
Experimental setup
The minimum RF power of plasma ignition was measured as a function of Xe mass flow rate to investigate the ignition characteristics, when the orifice dimensions or the ion collector shape was varied. In similar configurations, the anode current was measured as a function of RF power at constant Xe mass flow rate and anode voltage for investigation of electron emission characteristics. Figure 4 shows the effects of the orifice dimensions on ignition characteristics of the ICP/C, when the cylindrical collector was inserted. In Fig. 4 , regardless of the orifice dimensions, the steep decrease of the minimum ignition RF power was observed as the Xe mass flow rate increased. Moreover, the Xe mass flow rate at which the power steeply decreases depends strongly on the orifice diameter rather than the length. The minimum ignition RF voltage as a function of the vessel inner pressure for various orifice dimensions is shown in Fig. 5 . The voltage and the pressure were not measured but calculated, respectively. Before measuring the ignition characteristics, the characteristics of RF voltage and RF current without plasma were measured to calculate the impedance of ICP/C, when the RF power was below 40W. The impedance is given by
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where I rf and V rf are peak value. Table 3 shows the calculated impedance, when the power loss and the stray impedance are ignored of the matching circuit and transmission lines. The cathode impedance without plasma is independent of the orifice dimensions of the cylindrical collector as shown in Table 3 . The minimum ignition voltage in Fig. 5 . was Table 3 . The calculated impedance of ICP/C without plasma for various orifice dimensions. Orifice dimension Resistance, r, Ω Reactance, x, Ω D1-L0.5 9.5 ± 0.5 216 ± 2 D2-L0. 5 10.0 ± 0.4 215 ± 2 D3-L0. 5 10.1 ± 0.5 215 ± 4 D2-L1
10.1 ± 0.2 219 ± 3 D2-L2 9.7 ± 0.4 215 ± 5 calculated by following equation.
Thus, the applied RF voltage before plasma ignition is also independent of the orifice dimensions at constant RF power. On the other hand, the vessel inner pressure was calculated by the conductance of short circular tube for molecular flow 15) . The orifice conductance is given by
where T n is gas temperature which is assumed to be room temperature (T n =298 K) and K is Clausing's factor which depends on the diameter and length. Using this conductance, the pressure in Fig. 5 . is given by
where p in is the vessel inner pressure, p 0 is the back pressure in the vacuum chamber and Q is Xe flow rate, which is provided at standard temperature and pressure. In this study, the back pressure was ignored because it was much lower than the inner pressure. The data presented in Fig. 4 . show that the ignition capability of ICP/C is enhanced with decreasing its orifice diameter and increasing its orifice length. On the other hand, the curves of voltage vs. pressure correspond with one another in Fig. 5 . Therefore, the ignition condition of ICP/C is influenced by applied RF voltage and its inner pressure as shown in Fig. 5 . As a result, the pressure rise by changing the orifice dimensions is the reason why the ignition capability of ICP/C was enhanced. Figure 6 shows the effects of the collector configurations on ignition characteristics of ICP/C, when the orifice diameter and length were 2.0 mm and 0.5 mm, respectively. Regardless of the collector configurations, the steep decrease of the minimum ignition RF power was also observed as Xe mass flow rate increases in Fig. 6 . In addition, the minimum ignition power was increased by employing the collector at constant mass flow rate. The minimum ignition voltage as a function of the inner pressure for various collector configurations is shown in Fig. 7 . The voltage and pressure were also calculated by Eqs. (1)- (6) . The calculated impedance at each collector configuration is shown in Table 4 . The cathode reactance decreases as shown in Table 4 , when each of the collectors is inserted into the vessel. It is assumed that the capacitive coupling between the induction coil and the collector is the cause to reduce the reactance. Thus, the applied RF voltage before plasma ignition depends on the ion collector configuration at constant RF power. As shown in Fig. 6 , the insertion of collector causes the degradation of ignition capability for the cathode. Regarding the ignition capability, the cylindrical collector is preferable to the pole collector. However, the curves of voltage vs. pressure do not correspond to one another in Fig. 7 . Therefore, the presented data in Fig. 7 . indicate that the factors in the plasma ignition of ICP/C are not only applied RF voltage and vessel inner pressure but also the conditions in the vessel. It is considered that the conditions may be an electric field and a mean free path of initial electrons in the vessel. Figure 8 shows the effects of orifice dimensions on electron emission characteristics at 0.15 mg/s of Xe mass flow rate and 40V of anode voltage, when the cylindrical collector was inserted. On the other hand, Fig. 9 . shows the effects of collector configurations at same parameters, when the orifice diameter and length were 2.0 mm and 1.5 mm, respectively. The presented data in Fig. 9 . shows that electrons cannot be emitted from the cathode effectively without the ion collector. As shown in both Fig. 8 and Fig. 9 , the anode current is proportional to the RF power regardless of the orifice dimensions and the ion collector shape. However, the value of anode current is different depending on orifice dimension and collector shape. Additionally, the value strongly depends on the diameter rather than the length regarding the orifice dimensions, and the anode current at the pole collector is larger than that at the cylindrical collector. Figure 10 shows the anode current and electron number density as a function of the diameter at 40 W of RF power. The density was measured when the anode voltage was 0 V by connecting the anode with ground potential. The diameter, which achieves the largest anode current, is 2.0 mm as shown in Fig. 10 .
Electron emission characteristics
Unlike the tendency of anode current, the electron number density was decreased as the diameter increases in Fig. 10 . It is assumed that the decrease in neutral gas number density is the cause to reduce the electron number density. When the orifice diameter is 2.0 mm, the anode current is limited by the saturation current in the ion sheath that is created on the collector 16) . A saturation current density in collisionless ion sheath at low ion temperature is given by 
where α i N i is the ion number density at the sheath boundary 17) . The saturation current density is very sensitive to change of ion number density, which is presumed to be equal to electron number density. The ICP/C has a proportional relationship between electron number density and RF power as well as typical ICP. Therefore the anode current limited by the ion saturation current is proportional to the RF power as shown in both Fig. 8 and Fig. 9 . At the diameter of 3.0 mm, the anode current is also limited by the saturation current in the ion sheath, because the anode current is reduced as the density decreases. However, at the diameter of 1.0 mm, the anode current is reduced despite the increase in electron number density. Therefore, the limiting factor for anode current at the diameter of 1.0 mm is not the saturation current in the ion sheath. It is considered that the anode current at this diameter is limited by saturation current in the electron sheath that will be created near the orifice, because the diameter decrease causes to reduce the electron emission area.
In contrast to the ignition capability, there exists an optimum orifice diameter for electron emission performance of the ICP/C, and the effects of orifice length on the performance are miner. Changing the factor limiting the anode current from the electron sheath near the orifice to the ion sheath in the collector is considered to be the cause why the optimum diameter exists in the ICP/C. In addition, the pole collector is preferable to the cylindrical collector for the electron emission performance of the ICP/C. When the pole collector is inserted into the cathode, as the typical improved performance, 0.48 A of the anode current was achieved at 24 W of RF power, 0.10 mg/s of Xe mass flow rate and 40 V of anode voltage. The value of anode current is high enough to neutralize the ion beam of ion thrusters, which has been employed for north south station keeping missions 18) . Table 5 shows the performance comparison with other cathodes. Compared with other RF discharge cathodes, the ICP/C achieved self-ignition and low discharge power operation. The electron emission performance of the ICP/C was comparable to that of the microwave cathode. 
Conclusions
Through the experimental investigation of ignition and electron emission characteristics of the inductively coupled plasma cathode, the following results have been obtained.
(1) The ignition capability of ICP/C is enhanced with increasing the orifice length and decreasing the orifice diameter, because the vessel inner pressure in the cathode increases at constant Xe mass flow rate. (2) The factors affecting plasma ignition are not only the applied RF voltage and the vessel inner pressure but also the conditions in the vessel. (3) The cylindrical collector is preferable to the pole collector when the ignition capability of ICP/C is concerned. As opposed to the ignition capability, the electron emission performance with the pole collector is higher than that with the cylindrical collector. (4) There exists an optimum diameter of orifice for electron emission performance of the ICP/C, and the effects of orifice length on the performance are miner. Changing the limitation factor of anode current from the electron sheath near the orifice to the ion sheath in the collector is considered to be the cause why the optimum diameter exists in the ICP/C. (5) When the pole collector is inserted into the cathode, the typical electron emission performance was 0.48 A of the anode current at 24 W of RF power, 0.10 mg/s of Xe mass flow rate and 40 V of anode voltage. Compared with other RF discharge cathodes, the ICP/C achieved self-ignition and low discharge power operation. The electron emission performance of the ICP/C was comparable to that of the microwave cathode.
